The problem of task allocation among the robots has gained importance and is a key research topic in the field of MRS. In an MRS comprising heterogeneous robots, that is robots with different sensing and actuating capabilities, the problem of mapping the tasks to the best fitting robots becomes even more prominent as it will contribute to the overall efficiency of the system. In [I] Both [8] and [5] belong to the class of ST-MR-IA-online category of MRSs.
Artificial Immune System (AIS) is another method for MRTA, which is inspired by human biological immune system, as discussed in the seque\. Gao and Wei [6] proposed a multi-robot self-determined cooperation method based on an immune agent model. However, their task allocation approach is limited to a homogeneous group of robots. Another AIS based system [10] employs a heterogeneous team of robots;
however, it has only been applied to transport a single tightly coupled object in the form of box pushing. The present paper extends the method proposed in [10] to deal with concurrent execution of multiple heterogeneous tasks in an unknown environment. The proposed system is fully distributed and autonomous.
Ill. IMMUNE SYSTEM MODEL

A. Biological Immune System
The human immune system is a system of biological structures and processes within an organism that protects against disease by identifying and killing pathogens and tumor As mentioned before, once an antigen intrudes the human body, B-cells are activated and start producing an antibody whose paratope is complementary to the epitope of the antigen. These antibodies will then attach to the antigen and try to eliminate it. However, if they are unable to do so, they coordinate with other antibodies and cooperatively destroy the invader. Figure I represents the antibody-antigen binding mechanism.
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.. When an antibody's paratope recognizes the idiotope of another antibody or the epitope of an antigen, it is stimulated.
Tn Figure I for instance, the Antigen stimulates both Antibody 1 and 3 and at the same time Antibody 3 itself stimulates Antibody 2 even in the absence of a matching antigen.
B. Artificial Immune System and Multi-Robot System
Artificial Immune Systems are adaptive systems that simulate the biological immune system and are inspired by theoretical immunology and immune principles. In the present work, AIS is established upon the idiotypic network theory developed by Jerne [7] . It is a decentralized autonomous system in which multiple agents cooperatively perform a common task.
In the present work, a multi-robot system inspired by artificial immune system (AIS) is developed to address the challenges in multi-robot cooperation. Similar to the biological immune system, our MRS is composed of multiple autonomous robots in which each robot makes independent decisions. Nevertheless, the robots in the system work in full coordination and communicate with each other and if help is required, they cooperatively execute a common task.
Tn the present work, the specific task is object transportation. Each object has a unique set of known properties, and its transportation requires specific robotic capabilities. Robots do not have a global view of the system and all the sensing is local. robot is a function of its distance to the object that has to be transported.
C. MRS Cooperation Algorithm
The overall decision-making algorithm of the developed MRS is presented in the flowchart of Fig. 2 .
No C Icul t cost
Gotoobj d
No Figure 2 -Overall decision-making algorithm for the cooperative multi-robot system.
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D. Experimental Results
The developed algorithm, presented in this paper, is tested on a team of real physical robots. The team is comprised of two pioneer P3DXs and a P3AT robots. Boxes shown in figure 3 are the objects that have to be detected and transported. It is assumed that the robots would identify some properties and partially required capabilities for each object through the colored stickers attached to them. Although the technology for a robot to autonomously identify properties like the object pose and size exists in the literature, the focus of the present work is on task allocation; therefore, less effort has been put into identifying object properties and instead it is assumed that such information would be readily available to the robot upon object detection. In Figure 5 , Robot 1 has successfully transported Box 1.
However, Robot 2 was unsuccessful in its individual attempt to push Box 2 and has called Robot 3 for cooperation. 
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The cooperation of Robot 2 and Robot 3 is successful and Box 2 is transported. Next the robots return to the searching mode and look for more objects in the environment. 
E. Simulation Results
In order to be able to expand the number of robots and objects in the work environment, the developed system is further studied on a simulation platform. Simulation allows for having a more diverse group of robots and objects in the system, and provides much greater flexibility of evaluation. Objects are the boxes with color stickers on them for identification, and the obstacles to avoid are randomly placed cones in the environment. Figure 7 shows the simulated P3AT and P3DX pioneer robots each with a different payload capacity and a unique set of sensing and actuating capabilities. Sensing and actuation equipment includes gripper, bumper, camera, and sonar sensors. As indicated in Figure 8 , the simulated MRS comprises 5 heterogeneous robots and 3 heterogeneous objects. Assumption is that each object may require a different number of robots for transportation. This is however, unknown to the system in advance. Objects may or may not require tightly coupled cooperation and this is something that the system will determine autonomously. Also each object may require different capabilities for its handling. The overall goal of the system is to transport all the objects (boxes) to the designated location marked as the hatched area in Figure 8 . If individual attempt for object transportation is failed, robots attempt to execute the tasks cooperatively. has not yet been successful and is still under progress.
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If the engaged robots are not successful in transporting the box together, the initiating robot will ask for another robot for assistance. This continues until the robots are successful in transporting the object to the designated goal location. This simulation results have validated the developed task allocation approach for concurrent multi-task execution by multiple robots.
IV. CONCLUSION
This paper presented a multi-robot task allocation algorithm that was inspired by artificial immune systems. The developed multi-robot system was applied for multi-object transportation in an unknown dynamic environment. The developed system was validated using both a real physical system in laboratory and the Webots simulation platform. The robotic group composed of a relatively small number of robots (up to five agents). The distributed algorithm was able to autonomously allocate and coordinate concurrent task execution among the robots. A particular challenge in the present MRS was system deadlocks. In concurrent multi-task execution, deadlocks happen when a task (object) in the system has acquired some of the needed resources (robots) and is waiting for the rest of the needed resources (robots) that are being used by another process, which in turn is waiting for the resources (robots) acquired by this process. In this situation, neither process would be able to execute its task, and the system will stall. Issues of deadlock resolution and stagnation recovery will be addressed in future work.
